ABSTRACT
The Galvanneal Temperature Measurement System (GTMS) was developed for the American Iron and Steel Institute by the Oak Ridge National Laboratory through a partnership with the National Steel Midwest Division in Portage, Indiana. The GTMS provides crucial on-line thermal process control information during the manufacturing of galvarmeal steel. The system has been used with the induction furnaces to measure temperatures ranging from 840 to 1292°F with an accuracy of better than +/-9°F. The GTMS provides accurate, reliable temperature information thus ensuring a high quality product, reducing waste, and saving energy. The production of uniform, high-quality galvanneal steel is only possible through strict temperature control.
INTRODUCTION
This report describes a device that was developed and demonstrated for in-process < measurement and control of galvanneal steel strip temperatures. Reliable temperature measurements will enable more complete galvanneal process characterization and a derivation of a dynamic model for the control of the process. Hot dip galvannealed steel has been extensively used in automotive industry because of its weldability, paintability, and cosmetic corrosion resistance. Galvanneal steel provides a superior product to pure zinc galvanized steel. Surface temperature changes, which result from process variations in the galvannealing stage of processing, directly affect the quality of the steel and therefore, the competitiveness of the U.S. steel industry in a worldwide market. * Currently, no accurate in-process measurement of galvanneal steel surface temperature is available. Several parameters will vary during production, such as sheet thickness, sheet speed (which is up to 350 ft/min), and power to the induction furnaces. All these parameters affect the steel surface temperature and must be controlled to achieve a high quality end product. The projected benefits of the technology are enhanced product quality, less product variability, and reduced process spoilage.
The project was fwded jointly by the American Iron and Steel Institute (AISI) and the Department of Energy's (DOE) Office of Industrial Technology (OIT). The galvanneal temperature measurement system described here was first demonstrated at National Steel's Midwest plant in Portage, Indiana, in 1997. A second system was installed in Bethlehem Steel's Burns Harbor facility, Burns Harbor, Indiana, on the phosphate/ chromatic coating line in May of 1998.
TECHNICAL APPROACH
Thermographic phosphors are relatively inert, ceramic materials activated with a rare earth material (typically less than 10/0) which emit light with a distinctive spectral distribution when suitably excited by an energy source such as an electron beam, x-ray source, or ultraviolet light. If the source is pulsed, then the fluorescence emitted will persist for a characteristic duration that is temperature dependent. Different spectral components from the same material may even exhibit different temperature responses. These changes are independent of the emissivity of the surface to which the fluorescing material is attached. A review of noncontact phosphor thermometry, which includes nearly three hundred references, can be found in "Remote Thermometry with Thermographic Phosphors: Instrumentation and Applications" (Allison and Gillies, 1997) .
The brightness of phosphor fluorescence decreases exponentially in time, and the time required to decrease by l/e is termed the decay time or lifetime. This is illustrated in Figure 1 for a representative phosphor where the decrease is seen to be more rapid at the higher temperature. Provided the decay is described by a single exponential and there are no chemical reactions altering the phosphor, the decay time is a single-valued fimction of temperature over a wide and usefil range. The decay time based approach was chosen for this application, although there are other fluorescence properties that may be exploited to ascertain temperature (e.g., emission intensity). Decay rate measurements tend to retain calibration better than intensity-based approaches (Wickersheim, 1992; Sun, 1992; Grattan and Zhang, 1995) . A collaboration of Department of Energy laboratories, (ORNL, Los Alamos National Laboratory (LANL), and EG&G Energy Measurements -now Bechtel Nevada Special Technologies Laboratory) has utilized and developed the technique for a wide variety of low, ambient, and high temperature applications as reported in recent years (Noel, Turley, and Allison, 1994) . Surfaces of motors, centrifuges, and turbines, for example, have been diagnosed by this method (Noel, Turley, and Allison, 1994; Cates, Allison, Marshall, Franks, Davis, Nelson, and Noel, 1984; Allison, Gillies, Cates, and Noel, 1988) . In addition to the advantage that the technique is independent of emissivity, the measurement can be made from a distance.
Infrared pyrometry is sometimes used as a temperature indicator for galvanneal processing. Unfortunately, the accuracy of pyrometry depends on knowing the emissivity of a surface. Because, the emissivity of the molten layer of zinc on the sheet is quite low (reflective) and varies rapidly during the process, pyrometry is subject to corresponding uncertainty and unreliability. A deposition apparatus delivers a small amount of phosphor to the surface of the steel sheet immediately after it emerges from the zinc bath. When the phosphor spot moves up into the field-of-view of the collection optics (called the optics head), a laser fires a pulse of light into a large core (1-mm) optical fiber. The light is delivered to the phosphor spot on the galvarmeal surface and a lens system is used to focus the light onto the surface of interest. The phosphor absorbs the ultraviolet light and emits some of the absorbed energy as visible fluorescence. The duration, also called the decay time, is temperature Figure 2 -Phosphor thermometry schematic dependent. The lens system collects the fluorescence and images it onto a fiberoptic cable. The light is conveyed to a spectral band-pass filter, which transmits only the desired temperature-dependent color to the photomultiplier tube detector. A data acquisition system converts the detector signal to temperature. The data acquisition computer also produces control signals for triggering the deposition system and the laser. Photographs of the actual hardware installed on the phosphate/chromate coating section of the galvanneal line are shown in Figure 3 . The advantages of high temperature measurements that incorporate thermographic phosphor techniques are many. Since the method can be performed remotely, it is useful in hazardous, noisy, and explosive environments. Optical temperature measurements of this kind are also immune to electrical interference and have a wide sensing range based on the selection of the proper phosphor. With current state-of-the-art electronic equipment, measurements can be made at a rate of 5000 per second, if desired, for process monitoring and control. 
SYSTEM DEVELOPMENT
A variety of phosphor materials was selected and tested for the specified induction furnace galvanneal temperature range of 450 to 650°C (800 to 1200"F) and the phosphate/chromate galvanneal coating line range of 24 to 10O°C (75 to 212"F). At the ,.
, completion of the phosphor materials evaluation, two phosphor materials were chosen: phosphor A for the high temperature range, and phosphor B for the low temperature range. Careful determinations of decay time versus temperature were performed in the lab to obtain calibration curves for each phosphor. The calibration curve for the high temperature phosphor A is depicted in Figure 5 . The calibration curve for phosphor B is depicted in Figure 6 . A variety of light sources may be used to excite fluorescence for either of these two phosphors. A portable nitrogen laser, which emits at 337 nm was chosen for its size, cost, and laser safety considerations. The output ranges from the nitrogen laser is approximately 0.1 to 0.3 mJ at a repetition rate of 1 to 30 Hz.
Thermal modeling established that a thin phosphor layer will rapidly equilibrate with the galvanneal surface temperature. Calculations determined the time required for the phosphor to come to temperature once deposited on the galvanneal strip. Published values were used for the thermal conductivity, density, and specific heat for one of the phosphors chosen and it was assumed that these values are comparable for the second phosphor. Table 1 depicts the results. 
FIELD TESTING
A number of on line tests were performed at National Steel's Midwest Division in Portage, Indiana, and Bethlehem Steel's Burns Harbor facility in Burns Harbor, Indiana. The electronics and optics for the final embodiment evolved during the course of the development. One of our early tests involved an approach where the detector was located within a few feet of the induction heaters. This led to a large amount of radio frequency interference (RFI) superimposed on the fluorescence signal as shown in Figure 7 . Although decay time and, therefore, temperature can be determined from such data with sufficient analytical and computational effort, we completely eliminated the RFI by moving the light source and detector some distance away from the measurement zone and by accessing the zone via fiber optics. This is shown in Figure 8 . The sharp spike at the beginning of the decay curve is due, in this case, to some leakage of laser light (< 1 ps) to the detector. The decay time algorithm ignores this part of the decay curve in determining the lifetime of the fluorescence. The final optics head design is shown in the photo of Figure 9 . .In March of 1998 at Bethlehem Steel, phosphor thermometry data were taken and compared to a Type E hand-held contact thermocouple. Figure 11 shows a comparison between the phosphor thermometry data and the contact thermocouple data. The thermocouple data indicated a higher surface temperature, which is expected due to frictional heating of the thermocouple on the moving galvanneal sheet. At the Bethlehem Steel Facility we adjusted the infrared fhrnace power levels and observed the temperature change on the galvanneal sheet (Figure 12 ). Note that for each step change in the furnace power level, there was a corresponding change in the surface temperature. The sensitivity of the phosphor thermometry system is demonstrated by the last several data points where the power level remained constant, while the sheet gauge thickness changed from 0.037 to 0.031 inches resulting in an increase in surface tem~erature of 4°F. 
CONCLUSIONS
We have described a new monitoring tool for quality control in the production of galvanneal steel. The GTMS provides crucial on-line thermal process control information during the manufacturing of galvanneal steel. The system has been used with the induction furnaces to measure temperatures ranging from 840 -1292°F with an accuracy of better than +/-9°F. The GTMS was modified and installed on the galvanneal phosphate/chromate coating furnace area to measure temperatures ranging &om room temperature to 248°C with an accuracy of better than +/-5°F, The GTMS provides accurate, reliable temperature information thus ensuring a high quality product, reducing waste, and saving energy. It provided for online temperature measurements of the sheet as it emerges from the zinc bath and is heated to form the galvanneal coating. It is a reliable means of tracking this critical production parameter. Additional work is being done to reduce the packaging size and to simplifi the analysis electronics and software.
This technology is adaptable to other steel manufacturing applications. For such situations as slab heating, rolling mills, and melts, the conditions will be different and slight or extensive modifications to the existing approach maybe necessary.
